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ABSTRACT: A new Zn(II)-based coordination polymer (CP)
having the formula [Zn(L)(2,2′-bpy)] (1) was synthesized using
ZnCl2, 3,3′-(anthracene-9,10-diyl)diacrylic acid ligand (H2L), and
2,2′-bipyridine (2,2′-bpy) in DMF under solvothermal conditions.
Here, the anthracene-based dicarboxylic acid ligand shows
aggregation-induced emission (AIE) activity in an ethanol/hexane
medium. Single-crystal X-diﬀraction analysis reveals that the one-
dimensional (1D) zigzag chainlike structure of 1 is assembled
from tetrahedrally coordinated Zn2+ ions interconnected by 2,2′-
bpy and ditopic anthracene-based ligand molecules. The crystal
structure analysis reveals that the ditopic anthracene-based ﬂexible
ligand adopts a twisted conformation in the CP crystal compared
to its free state. Because of the twisted conformation of the AIE
active ligand in the CP crystal, a large (∼80 nm) hypsochromic
shift was observed in the emission spectrum with a drastic color change compared to the free state of ligand. The origin of these
rare ﬂuorescence properties is ascribed to the twisted diacrylic acid ligand conformation and rigidity in the CP crystal. An
unprecedented response was observed toward singlet oxygen (1O2) by 1 via a ﬂuorescence turn-oﬀ mechanism. The presence of
the anthracene moiety is the main inﬂuential factor for 1O2 sensing, which undergoes [4 + 2] cycloaddition reaction with
1O2,
producing a nonemissive 9,10-endoperoxide product. The unique photoluminescence properties along with tunable
ﬂuorescence responses indicate that incorporating an AIE active anthracene core into the CP crystal is a beneﬁcial strategy
to develop new ﬂuorescent materials with signiﬁcant sensing ability.
■ INTRODUCTION
Highly emissive ﬂuorescent materials have received emergent
interest in recent years for their promising applications in
various ﬁelds including sensing, optoelectronic device
fabrication, imaging, storage, etc.1−3 Most of the ﬂuorescent
organic molecules suﬀer from aggregation-caused quenching
(ACQ) during aggregation in the condensed phase, which
mostly restricts their practical applications in the solid or
aggregated state. The aggregation-induced emission (AIE)
phenomenon was ﬁrst proposed by Tang et al. which is just the
opposite of the ACQ eﬀect.4,5 To date, various AIE systems
have been developed. On the basis of the structures of the
ligands, they can be classiﬁed into several categories: (1)
heterocyclic rings such as pyrroles,6 pyrazines,7 siloles,8
phospholes9 and phosphole oxides,10 etc., (2) pure aromatic
rings such as naphthalene derivatives,11 hexaphenylbenzenes,12
anthracene derivatives,13 etc., (3) ethenyl derivatives such as
Schiﬀ bases,14 tetraphenylethenes,15 cyanostilbenes,16 etc., (4)
metalclusters17 and complexes like platinum complexes,18 gold
complexes,19 iridium complexes,20 etc., and (5) other skeletons
such as o-carborane dyes.21 As the aggregation-induced
emission ﬂuorogens (AIEgens) have a high emission eﬃciency
in the aggregated state, they can be utilized as eﬃcient sensor
compounds with the advantages of strong photostability, high
signal-to-noise ratio, and large Stokes’ shift.22 A large number
of AIEgens have been employed as sensor materials for the
detection of metal ions,23,24 anions,25,26 small molecules,27,28
biological macromolecules,29,30 and pathogens.31,32 Recently, it
has been observed that it is possible to control the ﬂuorescence
by incorporating the AIE active ﬂuorophore within three-
dimensional (3D) porous coordination polymers (PCPs),
commonly known as metal−organic frameworks (MOFs).33
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The AIE active ligand molecule can adopt an ordered spatial
orientation within the CP crystal, which is not possible in a
normal aggregated state.34,35 The ordered spatial arrangement
of ligand molecules in the CP crystal can eﬀectively tune the
ﬂuorescence intensity, lifetime or quantum yield compared to a
disordered aggregated state. However, examples of CPs with
such interesting features are rare.36 On the other hand, most of
the reported AIE-based CPs are constructed via self-assembly
of tetraphenylethene (TPE) derivatives.37,38 Although the non-
TPE derivatives have been developed for diﬀerent applications,
the CPs based on non-TPE derivatives are rare.39−41 Hence,
the design and synthesis of CPs with new non-TPE-based AIE
active ligands are useful for fascinating luminescence sensing
applications.
Singlet oxygen (1O2) is a nonradical reactive oxygen species
(ROS), which is produced by 94 kJ/mol of energy transfer to
the ground state of triplet oxygen (3O2).
42 Because of its high
reactivity, 1O2 has been widely used for photodynamic therapy
and photodynamic antimicrobial chemotherapy. In photo-
dynamic therapy, 1O2 is employed as a destroyer of malignant
cancer cells and tissues.43 Moreover, in environmental systems,
generation of 1O2 in water assists the photodegradation of
organic pollutants.44 Hence, 1O2 plays an important role in a
number of clinical and antimicrobial treatments and research.45
Apart from its beneﬁcial role, 1O2 has severe eﬀects on
biological system. It can react with deoxyguanosine and
guanine in DNA.46,47 This oxidation of DNA inhibits its
replication process.48 Other than DNA damage, the lipid
peroxidation reactions occurring in healthy tissues are initiated
by 1O2, which involves the cycloaddition of
1O2 to
polyunsaturated fatty acids.49,50 The damage of the essential
biocomponents such as DNA, proteins, and membrane lipids
can result in cell death.51 Thus, it is an extremely toxic ROS in
the biological environment. Therefore, the real-time detection
and quantiﬁcation of 1O2 are ongoing challenges in chemistry
and life science.
Because of the important roles in biological systems, the
detection of highly reactive 1O2 in a biological environment has
become a signiﬁcant area of investigation.52−54 The relaxation
of 1O2 to its ground state produces phosphorescence at 1270
nm.55 The measurement of this characteristic phosphorescence
of 1O2 is the direct method of estimation. Because of the
extremely low quantum eﬃciency of 1O2 phosphorescence, the
optical detection of a small volume of 1O2 is diﬃcult in living
cells and photoelectrochemical cells.56 Furthermore, several
compounds such as 9,10-dimethyl anthracene, 2,5-dimethylfur-
an, anthracene 9,10-diyldiethyl disulfate (EAS), anthracene-
9,10-divinylsulfonate (AVS), anthracene-9,10-bisethanesul-
fonic acid (AES), and anthracene-9,10-dipropionic acid
(ADPA) have been employed for the detection of 1O2 by
the spectrophotometric method.57 Other than the chemilumi-
nescence method, optical spectroscopy and microscopy, the
ﬂuorescence technique has become popular in the detection of
1O2. Among these methods, ﬂuorescence-based detection of
1O2 is well-accepted because of its simplicity, high detection
sensitivity, and bioimaging application. Anthracene core-based
electron donor−acceptor ﬂuorescent molecules are mostly
studied for the sensing of 1O2.
58 The anthracene-based
ﬂuorescent probes react with 1O2 to produce endoper-
oxides.59,60 In general, the ﬂuorescent probes for 1O2 show
ﬂuorescence emission at certain wavelength(s), but the
endoperoxides do not. Thus, by monitoring the ﬂuorescence
emission decrease of the 1O2 ﬂuorescent probes, we can
monitor a very low concentration of 1O2 quantitatively. Among
such anthracene-based sensors of 1O2, singlet oxygen sensor
green (SOSG),61,62 anthracene-9,10-dipropionic acid
(ADPA),63,64 9,10-dimethylanthracene (DMA)65 has been
extensively used in the detection of 1O2 (Figure S1, Supporting
Information). More recently, rare-metal complexes such as
rhenium(I) and europium(III) chelate-based complexes have
been employed as long-lifetime-based luminescence probes for
1O2.
66,67 Unfortunately, these ﬂuorescent probes are limited to
be used due to the strong background ﬂuorescence, and
consequently poor sensitivity and accuracy for the real-time
detection of 1O2. Therefore, development of a ﬂuorescent
probe for highly sensitive and selective detection of 1O2 is still
challenging.
In recent years, ﬂuorescent CP materials, a new class of
materials constructed from metal ions or clusters and
polydentate organic ligands, have been extensively stud-
ied.68−70 The combination of the characteristic ﬂuorescent
properties of ligands with the intriguing topological structures
of CPs opens up promising possibilities for the design of CP-
based chemical sensors.71,72 On the basis of the above
concerns, we have designed and synthesized a new ﬂuorescent
Zn(II)-based 2D CP with the molecular formula [Zn(L)(2,2′-
bpy)] (1) with an anthracene-based AIE active ﬂuorescent
organic ligand. The ligand anthracene-based diacrylic acid
ligand (H2L) shows an AIE activity in the ethanol/hexane
medium. The orange emitting ligand upon formation of CP
produced bright green ﬂuorescence at room temperature with
a large hypsochromic shift (∼80 nm). Such tuning of
ﬂuorescence of the AIE active ligand molecule via CP
formation is not common. The combined experimental and
theoretical study suggests that the drastic change in ligand
conformation is responsible for ﬂuorescence tuning. We have
further explored the capability of the CP for sensing of 1O2.
Compound 1 is the ﬁrst example of a CP having the capability
to detect 1O2 ﬂuorometrically.
■ EXPERIMENTAL SECTION
Synthesis of [Zn(L)(2,2′-bpy)] (1). ZnCl2 (20.44 mg, 0.15
mmol), 2,2′-bpy (7.8 mg, 0.05 mmol), and H2L ligand (16 mg, 0.05
mmol) were dissolved in 3 mL of DMF by sonication for 5 min. The
resulting clear solution was heated using a block heater in a sealed
glass tube at 80 °C for 48 h. After being cooled to room temperature,
yellow hexagonal platelike single crystals were collected by ﬁltration,
washed with DMF and acetone, and dried in an oven. The yield was
14 mg (0.026 mmol, 17%) based on the Zn salt. Anal. calcd for
C30H20N2O4Zn (537.88): C, 66.98; H, 3.74; N, 5.20. Found: C,
69.05; H, 3.18; N, 4.95%. FT-IR (KBr, cm−1): 3423 (br), 3084 (w),
1648 (vs), 1587 (s), 1563 (sh), 1442 (s), 1473 (m), 1382 (vs), 1308
(m), 1099 (w), 762 (s), 732 (s), 635 (m).
Single-Crystal X-ray Diﬀraction. For the structure of 1, X-ray
intensity data were collected at 100 K on a Rigaku Oxford Diﬀraction
Supernova Dual Source (Cu at zero) diﬀractometer equipped with an
Atlas CCD detector using ω scans and CuKα (λ = 1.54184 Å)
radiation. The images were interpreted and integrated with the
program CrysAlisPro.73 Using Olex2,74 the structure was solved by
direct methods using the ShelXS structure solution program and
reﬁned by full-matrix least-squares on F2 using the ShelXL program
package.75,76 Non-hydrogen atoms were anisotropically reﬁned, and
the hydrogen atoms in the riding mode with isotropic temperature
factors were ﬁxed at 1.2 times U(eq) of the parent atoms.
CCDC 1937854 contains the supplementary crystallographic data
for this paper and can be obtained free of charge via www.ccdc.cam.ac.
uk/conts/retrieving.html (or from the Cambridge Crystallographic
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Data Centre, 12, Union Road, Cambridge CB2 1EZ, UK; fax: +44-
1223-336033; or deposit@ccdc.cam.ac.uk).
Fluorescence Titration Experiments. For carrying out the
ﬂuorescence titration experiments, a suspension of 1 was prepared
with a concentration of 1 mg/mL in water by sonication in an
ultrasonic bath for 30 min at room temperature. The H2O2/Na2MoO4
reaction medium was used as a source of 1O2 for ﬂuorescence sensing
experiments. Quantitatively, 1 mol of 1O2 can be formed by the
reaction of 2 mol of H2O2. Subsequently, 100 μL of each suspension
was diluted in a quartz cuvette with 2900 μL of Tris-HCl buﬀer (10
mM, pH 8.5) solution containing 10 mM Na2MoO4. After the
solution was mixed, the ﬂuorescence spectrum was recorded, and the
initial intensity was termed as I0. The ﬂuorescence sensing assay was
initiated by the addition of H2O2 in an incremental manner from 0 to
1.2 mM. The ﬂuorescence quenching eﬃciency (Q) was estimated by
using the formula: Q = (1 − I/I0) × 100%, where I is the emission
intensity of the aqueous dispersion of 1 in the presence of 1O2. The
similar experimental methods were followed for the selectivity test
and interference study, where 1O2 was substituted by other ROS
(H2O2, TBHP, ClO
−, OH•, O2
•−, and tBuO•) with the same ﬁnal
concentration.
■ RESULTS AND DISCUSSION
Structure Description. Yellow, platelike single crystals of
1 were obtained by a solvothermal reaction of the H2L ligand,
2,2′-bpy, and ZnCl2 in DMF as the solvent at 80 °C for 48 h
(Figure S2, Supporting Information). X-ray diﬀraction analysis
of a single-crystal showed that 1 crystallizes in the monoclinic
crystal system with the space group C2/c (Tables S1 and S2,
Supporting Information). The asymmetric unit of 1 (Figure S3,
Supporting Information) contains half of an L2− ligand, one
Zn(II) cation on a special position, i.e., a 2-fold axis and half of
a 2,2′-bpy molecule. As shown in Figure 1a, the Zn(II) ion is
coordinated with two nitrogen atoms from one bidentate 2,2′-
bpy ligand and two oxygen atoms from two diﬀerent bridging
L2− ligands, which form a tetrahedral coordination environ-
ment around the Zn(II) ion. The completely deprotonated L2−
ligand serves as a bis-chelating ligand to join subsequent
Zn(II) ions (as illustrated in Figure 1b) into inﬁnite zigzag
[Zn(L)(2,2′-bpy)] chains. Although the L2− ligand can adopt
both cis and trans conformations, in 1, only the trans
conformation with a single binding mode ((κ1-κ0)-(κ1- κ0)-
μ2) is observed among all possible binding modes reported to
date for this H2L ligand (Scheme S1, Supporting Informa-
tion).77−81 As illustrated in Figure 1c,d, the adjacent
[Zn(L)(2,2′-bpy)] chains are assembled into 2D sheets via
C−H···π interactions, which further stabilize the 2D packing.
Powder X-ray Diﬀraction and FT-IR Analysis. PXRD
patterns were recorded at ambient conditions to check the
phase purity of 1. The recorded PXRD pattern (Figure 2) of
as-synthesized 1 matches thoroughly with the simulated PXRD
pattern acquired from X-ray diﬀraction data of the single
crystal, indicating the high purity of the bulk crystals.
The FT-IR spectrum of compound 1 displays very strong
absorption bands near 1600 and 1385 cm−1, which arise from
the asymmetric and symmetric stretching vibrations of the
carboxylate groups present in the ligand (Figure S4,
Supporting Information).82 The absence of adsorption bands
in the region of 1690−1730 cm−1 suggests the complete
deprotonation of carboxylic groups of the H2L ligand, which
supports the results obtained from the X-ray diﬀraction
analysis.
Thermal Stability. The thermal stability of compound 1
was inspected by thermogravimetric analyses. The results
obtained from TG analyses are provided in Figure S5
(Supporting Information). The TG analysis was performed
with a heating rate of 5 °C min−1 in air atmosphere. The TG
curve of compound 1 shows that the compound is stable up to
340 °C. Beyond this decomposition temperature, the
elimination of both ligands from the framework takes place,
causing decomposition of the structure. When the temperature
is raised above 530 °C, the TG curve exhibits nearly a plateau
with a residual product corresponding to ZnO. Noticeably, no
weight loss was observed in the temperature range of 100−200
°C, suggesting the absence of any solvent molecule within the
framework of 1.
Photophysical Properties. We have observed that the
H2L ligand is highly emissive in the solid state, but only weak
ﬂuorescence emission is observed in ethanol at low
concentration. To understand the AIE eﬀect of the H2L
ligand, we have studied ﬂuorescence emission behavior of the
H2L ligand in an ethanol/hexane solvent system with diﬀerent
volume percentages of hexane. Figure 3 shows that the
emission remains weak up to 80 vol % of hexane. At 90 vol %
of hexane, a rapid increment in the emission intensity was
observed with an emission band near 500 nm. At 95 vol % of
hexane, a 24-fold increment in ﬂuorescence emission intensity
was observed as compared to the nonemissive state, which
suggests an AIE eﬀect caused by the formation of aggregates of
the H2L ligand with reduced solubility in nonpolar hexane. We
have also conducted a similar experiment with compound 1.
Figure 1. (a) The coordination environment around the Zn(II) ions
in 1 is shown in a ball-and-stick model. (b) 1D zigzag chain of 1. (c)
2D network of 1 via linking adjacent 1D chains. (d) C−H···π
interactions between two adjacent chains. Color codes: Zn, green; N,
blue; C, gray; H, cyan; O, red.
Figure 2. Simulated and experimental PXRD patterns of 1.
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Figures S6 and S7 (Supporting Information) suggest that
compound 1 shows greater emission intensity than the ligand
in pure ethanol. With increasing volume percentages of hexane,
the enhancement in emission intensity of 1 (only 5.6 fold) is
much lower than the emission intensity enhancement of the
ligand (24 fold). In compound 1, because of restricted rotation
of the ligand moiety, the nonradiative pathway is blocked.83
Hence, a higher emission was observed for 1 as compared to
the free ligand in ethanol. Moreover, compound 1 is insoluble
in both ethanol and hexane medium. Hence, enhancement of
emission intensity of 1 due to a polarity mismatch can be ruled
out for this case. However, the H2L ligand is soluble in ethanol
and insoluble in nonpolar hexane. For this reason, with
increasing volume percentages of hexane, the H2L ligand
shows a much greater enhancement in emission intensity than
compound 1. Dynamic light scattering (DLS) studies of H2L
ligand in ethanol/hexane medium suggest that the average
particle size is 242 nm in an aggregated state at 95 vol % of
hexane (Figure S8, Supporting Information). These results
strongly suggest that the H2L ligand is an AIE active
compound. However, recently Shao et al. has reported the
ACQ behavior of the same ligand in a DMF/water system.78
Because of the presence of a polar dicarboxylic acid group in
the H2L ligand, it is soluble in water at very low concentration,
which is responsible for the ACQ eﬀect in the DMF/water
system. However, in the nonpolar solvent like hexane, the
ligand is insoluble due to a polarity mismatch. Therefore, the
choice of the proper solvent system is essential to execute the
AIE eﬀect of the H2L ligand.
Figure 3. Change in the ﬂuorescence emission spectra of H2L ligand (50 μM) with a change of hexane vol % in ethanol. Inset: (top) plot of
ﬂuorescence emission intensity at 500 nm versus hexane fraction in ethanol and (bottom) digital images of the H2L ligand in pure ethanol as well as
in a solvent mixture with 95 vol % hexane captured under a UV lamp (λex = 365 nm) at room temperature.
Figure 4. (a) Solid-state absorption and (b) emission spectra of 1 and H2L ligand at room temperature. Inset: corresponding digital images of 1
and H2L ligand under day light and UV light.
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Further, to explore the solid-state absorption and
ﬂuorescence properties, the diﬀuse reﬂectance spectrum
(DRS) and solid-state ﬂuorescence spectrum of 1 and H2L
ligand were measured. The DRS shows that the H2L ligand has
a broad absorption band covering between 320 and 540 nm,
whereas 1 shows a blue-shifted and sharper absorption band as
compared to the free H2L ligand (Figure 4a). The absorption
band of the H2L ligand extends from 320 to 500 nm. The H2L
ligand is an orange powder owing to absorption near the green
region, whereas 1 is bright yellow because of absorption in a
lower wavelength region (Figure S9, Supporting Information).
The narrow absorption band of 1 and its nearly complete
overlap with the absorption band of free H2L ligand suggest
self-aggregation of the ligand in the CP crystal.33
Solid-state ﬂuorescence emission spectra show that the
emission maxima of 1 and H2L ligand lie at 500 and 580 nm,
respectively (Figure 4b). The immobilization of the AIE active
ligand in the rigid matrix of 1 restricts the free rotation of the
anthracene moiety, which blocks the nonradiative pathway.84
Thus, the emission intensity is enhanced in the case of 1. The
emission color shifts to green for 1 from the orange emission of
free H2L ligand (Figure S9, Supporting Information). The
large hypsochromic shift (∼80 nm) of 1 compared to free H2L
ligand suggests a disruption of the long-range conjugation with
an increase in the HOMO−LUMO energy gap of the
anthracene moiety in the single crystals.85 The blue shift of
the emission band is ascribed to ligand-ﬁeld stabilization of the
ﬁlled π level along with destabilization of the vacant π* level of
the L2− ligand upon formation of CP by coordination with the
Zn(II) ion in 1. Because of the d10 electronic conﬁguration of
the Zn2+ ion, no overlap occurs between the orbitals of metal
ion and ligand. In addition, no ligand-to-metal charge transfer
is observed in the case of d10 electronic conﬁguration. Hence,
the emission in solely based on the ligand.86 Sometimes, the
emission of the compound depends also on the metal ion. The
metal ions have varying degrees of inﬂuence on the emission of
the framework.87 It has already been reported that Zn(II) and
Cd(II) ions show restoration of the luminescent property of
the ligand in the framework because of the ﬁlled d-orbitals.88 It
has been observed that the replacement of the Zn atom by Be,
Mg, Ca, or Cd atoms caused no alteration in luminescent
behavior of IRMOF-1.89 Hence, the emission property of the
ligand molecule is restored in the presence of the above-
mentioned metal ions. On the other hand, paramagnetic d9
Cu(II) incorporated in the MOFs can quench ligand based
luminescence.90 Since the ligand based emission is quenched
by 1O2 in the present system, good emission property of the
framework is required for the purpose. Hence, the judicious
choice of metal ion during the preparation of framework is
important.
The large shift of the emission band also causes a shift of the
chromaticity coordinates in the Commission International de
I’Eclairage (CIE) diagram (Figure S10, Supporting Informa-
tion). The CIE chromaticity coordinates of free H2L ligand
changes from (x = 0.425, y = 0.444) to (x = 0.250, y = 0.467)
for 1. It has been reported that the coplanar conjugated
bipyridine with π-delocalization as an auxiliary ligand can
quench the emission intensity of the primary ﬂuorescent ligand
in a crystal system.91 Since, 2,2′-bipyridine in 1 is not coplanar
with H2L ligand, such quenching is not observed here.
The excited-state features of H2L ligand in the free state and
within the crystals of 1 were investigated by time-resolved
photoluminescence decay experiments (Figure S11, Support-
ing Information). The biexponential decay curve shows an
average lifetime of 4.9 ns for the free H2L ligand (Table S3,
Supporting Information). A triexponential decay curve was
observed for 1, with a lowering of lifetime (2.0 ns), where the
H2L ligand is present within a rigid crystal matrix. An
additional short lifetime species was observed for 1 as
compared to the free H2L ligand. The structural rigidity
within the CP crystal prevents the excited-state distortion of
the H2L ligand, which leads to faster release of energy and
results in a shorter lifetime species. In the case of the free
ligand, such structural rigidity is absent, which leads to more
excited-state distortion and slower emission decay rate with a
longer lifetime.
Compound 1 also retained exceptional ﬂuorescence stability.
It showed no noticeable change in the ﬂuorescence intensity
even after storing for 6 months at room temperature (Figure
S12, Supporting Information). Since 1 is stable in water, the
ﬂuorescence sensing experiments were explored in pure
aqueous medium. It can be seen from Figure S13 (Supporting
Information) that the ﬂuorescence emission behavior of 1 is
identical in both aqueous suspension and the solid state. This
result suggests that the ﬂuorescence performance of 1 is almost
unaﬀected by water.
Rigidiﬁcation Mechanism. The structural conformation
of free H2L ligand was obtained after geometry optimization of
free ligand with Gaussian 09 package at the B3LYP/6-31+G
level of theory (Figure S14, Supporting Information). A
prominent change in ligand conformation was observed inside
the crystals of 1 as compared to the free state. The average
dihedral angle (∠P1−P2) between the central anthracene ring
(P1) and the plane formed by a CC double bond and two C
atoms attached to them (P2) became enlarged from 51.12° in
the case of the free H2L ligand to 62.96° in a twisted H2L
ligand within 1 (Figures S15 and S16, Supporting Informa-
tion). The larger dihedral angle of the H2L ligand present in 1
results in a less eﬀective overlap of the p orbital with the sp2
hybridized orbital. The lower amount of overlap of the p
orbital results in a breakdown of conjugation in the ligand,
leading to an increase in the HOMO−LUMO energy gap.
Because of the large twisted structure of the ligand in 1, the
emission arises from the ﬂuorophoric anthracene moiety, and a
large blue shift is observed in the emission band.92 A DFT
calculation was performed on both the free and twisted H2L
ligand present in 1 to understand the rigidiﬁcation mechanism.
The results obtained from the DFT calculation clearly show
that the HOMO−LUMO energy gap is enlarged from 2.67 eV
for the free H2L ligand to 3.27 eV for 1, which leads to higher
excitation and emission energies for 1 (Figure S17, Supporting
Information). This result validates our previous assumption of
bandgap widening.
Sensing of 1O2. It is well-known that the anthracene
moiety can act as a speciﬁc and selective reaction site for 1O2.
The ﬂuorescence of anthracene can be eﬀectively quenched by
trapping 1O2 via a [4 + 2] cycloaddition reaction which yields
9,10-endoperoxide (Scheme S2, Supporting Information). The
π-electron conjugation is lost in the oxidized endoperoxide
product, which leads to quenching of ﬂuorescence of the
probe. However, the sensing of 1O2 by ﬂuorescent CPs based
on this fact is still completely unexplored. The H2L ligand
present in 1 is very similar to a well-known 1O2 probe
ADPA.93,94 Inspired by these facts, we explored the 1O2
sensing ability of 1. We selected an alkaline medium (pH =
8.5) for the sensing experiment since the 1O2 generation from
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the H2O2/Na2MoO4 catalytic system and endoperoxide
formation are more favorable at this pH.95,96 As expected, a
rapid quenching of ﬂuorescence intensity was observed for the
aqueous suspension of 1 when 1O2 solution was added (Figure
5). The emission intensity of 1 at 500 nm gradually decreased
upon increasing the concentration of 1O2 in aqueous buﬀer
medium. Almost 90% quenching of ﬂuorescence intensity was
observed when the concentration of 1O2 gradually increased
from 0 to 0.6 mM. At the same time, the visible greenish
yellow emission of 1 under UV light dimmed upon gradual
addition of 1O2. This result shows that 1 can act as a naked-eye
ﬂuorescent sensor for 1O2 in aqueous medium. Since the
H2O2/Na2MoO4 system was used as a chemical source of
1O2,
we investigated the individual eﬀect of both H2O2 and
Na2MoO4. From Figure S18 (Supporting Information), it is
clear that only H2O2 or Na2MoO4 did not bring any drastic
change in ﬂuorescence intensity of 1. This result conﬁrms that
the change of ﬂuorescence intensity occurs for 1O2 only.
To estimate the response time of 1 for the sensing of 1O2,
time-dependent ﬂuorescence sensing experiments were carried
out with various concentrations of 1O2. The ﬂuorescence
intensity of 1 (at λmax = 500 nm) was monitored at a diﬀerent
concentration of 1O2 up to 5 min (Figure S19, Supporting
Information). The time-dependent sensing experiments
revealed that compound 1 exhibited a fast response time of
less than 1 min after the addition of 1O2. This observation can
be attributed to the rapid formation of the 9,10-endoperoxide
product via a speciﬁc reaction of the anthracene moiety present
in compound 1 with 1O2.
The response toward other ROS was also checked for
determining the selectivity toward 1O2 by 1. The ﬂuorescence
response of 1 was checked toward TBHP, H2O2, ClO
−, OH•,
O2
•−, and tBuO• (Figure S20, Supporting Information). The
obtained results are summarized in Figure 6a, which concludes
that except for 1O2, the changes in ﬂuorescence intensities are
almost negligible for the remaining ROS. Figure S21
(Supporting Information) shows the concentration depend-
ency of ﬂuorescence quenching eﬃciencies for various ROS. It
is clear that the signiﬁcant ﬂuorescence quenching of 1 by 1O2
occurs even at low concentrations, and the quenching
eﬃciency rises considerably at elevated concentrations. For
all other ROS, the ﬂuorescence quenching eﬃciencies are
insigniﬁcant even at higher concentrations as compared to 1O2.
For an ideal ﬂuorescent probe, it is necessary that the probe
should work eﬃciently even with the existence of other ROS in
the system. The ﬂuorescence titration experiments were
conducted with 1 after the addition of 1O2 in the presence
of other interfering ROS, to examine the ability of 1 for the
selective sensing of 1O2. From Figure 6b and Figure S22
(Supporting Information), we can conclude that the response
of 1 toward 1O2 is barely aﬀected by the presence of other
competitive ROS. The results from competitive experiments
indicate that the formation of 9,10-endoperoxide is unaﬀected
by the presence of other ROS. Hence, 1 is highly speciﬁc for
1O2 sensing.
Further, to check the detection limit of 1O2 by 1, the change
of ﬂuorescence emission intensity at 500 nm was monitored as
a function of the 1O2 concentration in the linear range from 0
to 50 μM (R2 = 0.9993) (Figure S23a, Supporting
Information). The estimated detection limit was found to be
27 nM for sensing of 1O2 by 1 employing the following
equation: LOD = 3σ/K.97 Here, K and σ represent the slope of
the curve and standard deviation of the initial ﬂuorescence
intensity of 1, respectively. The detection limit for free
anthracene based H2L ligand was found to be 164 nM in the
linear range from 0 to 105 μM (R2 = 0.9989) (Figure S23b,
Supporting Information). The higher detection limit for free
ligand reﬂects that pure ligand has a lower sensitivity for 1O2 as
compared to 1. Moreover, we have compared the quenching
eﬃciency of 1 and H2L ligand in the presence of
1O2. It can be
observed from Figure S24 (Supporting Information) that 1
Figure 5. Change in the ﬂuorescence emission intensity of 1 with an
increasing concentration of 1O2 solution. Inset: corresponding
ﬂuorescent images under a UV lamp.
Figure 6. (a) Relative change in ﬂuorescence intensity of 1 in the presence of (a) diﬀerent ROS and (b) 1O2 with coexistence of interfering ROS
(λex = 370 nm and λem = 500 nm).
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shows a higher quenching eﬃciency (∼90%) than H2L ligand,
which shows around 54% quenching of its initial emission
intensity in the presence of 1O2. The higher sensing
performance of 1 may have originated from the ﬁxation of
an AIE active ligand within the rigid 1D chain with a proper
orientation, providing a way for an eﬃcient [4 + 2]
cycloaddition reaction along with eﬀective energy or charge
transfer process.98 As a result, 1 shows higher sensitivity to 1O2
as compared to the free ligand. Table S4 (Supporting
Information) suggests that the limit of detection for the
sensing of 1O2 by the present material is comparable with the
existing sensor compounds employed for 1O2 detection to
date. Though it has been observed that most of the sensor
materials have shown detection limits in the nanomolar range,
still there is a huge opportunity to develop unique sensor
compounds for the detection of 1O2 with a better detection
limit, response time, and so forth. It has been observed that
most of the existing 1O2 sensor compounds work only at basic
pH medium (pH must be greater than 8). Hence, it is a
challenging task to detect endogenous 1O2 in biological
medium ﬂuorometrically.
The PXRD pattern of 1 was recorded after the ﬂuorescence
sensing experiment (Figure S25, Supporting Information). The
PXRD analysis conﬁrms the retention of structural integrity
throughout the sensing event. Moreover, we have recovered
the compound from the dispersed medium (Tris-HCl buﬀer)
and collected its PXRD pattern. Figure S26 (Supporting
Information) clearly suggests that no change in the PXRD
pattern is observed due to formation of dispersion. Hence, it
becomes evident that the compound has shown suﬃcient
robustness in a dispersed condition.
Finally, the 9,10-endoperoxide product formation via the [4
+ 2] cycloaddition reaction between H2L ligand and
1O2 was
conﬁrmed by the LC-MS technique to establish the proposed
reaction-based quenching mechanism (Figure S27, Supporting
Information). The m/z peak at 349.06, which corresponds to
the (M − H)− ion (M = mass of the 9,10-endoperoxide
product), conﬁrms the [4 + 2] cycloaddition reaction between
the H2L ligand and
1O2.
■ CONCLUSION
In conclusion, a new zinc-based CP (1) with an AIE active
anthracene-based ﬂuorescent ligand was synthesized and
characterized. The photophysical properties of the ﬂexible
anthracene based ligand can be tuned via rigidiﬁcation in the
CP crystal. The crystal structure shows that the rigidiﬁcation of
the ligand in 1 occurs by a twisted conformational change. The
ligand in the twisted conformation shows a bright green
ﬂuorescence emission (λmax = 500 nm), which is hypsochromi-
cally shifted (∼80 nm) from the orange emission (λmax = 580
nm) of the free ligand. This work oﬀers a rare example that the
change in ligand conformation inside the crystal system can
have signiﬁcant eﬀects on the photophysical properties of CPs.
More interestingly, 1 showed a distinct ﬂuorescence response
toward 1O2 in aqueous buﬀer medium, which has never been
reported previously by any CP material. Compound 1
displayed high sensitivity and excellent selectivity for 1O2,
which considerably overcomes the limitations of previous 1O2
sensors requiring multistep chemical synthesis and time-
consuming puriﬁcation. Furthermore, the disappearance of
visible bright-green emission occurs upon the addition of 1O2
to 1, which demonstrates the naked-eye visualization of the
detection process under UV light. The detection limit was
estimated to be 27 nM for the sensing of 1O2 by 1, which is 6
times lower than the free ligand. This result suggests that
rigidiﬁcation of the ligand not only provides tunable photo-
luminescence properties but also a higher sensitivity toward
1O2. The work shows that the ﬂuorescence and structural
properties of CPs can be tuned by combining an AIE active
anthracene-based ligand with metal ions. Hence, it is a very
innovative strategy to develop light-emitting materials and
their potential applications in ﬂuorescence sensing.
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